To define DNA elements involved in thiamine-regulated transcription of the Schizosaccharomyces pombe gene nmt1 (thi3), we analyzed several nmt1 promoter constructs. We detected a DNA element which is required for promoter activation in the absence of thiamine. It is located 54 to 62 bp upstream of the TATA box and matches the consensus sequence of the binding site for the mammalian transcription factor C/EBP (CAAT/enhancer binding protein). We show that the element specifically binds proteins.
In Schizosaccharomyces pombe, thiamine (vitamin B 1 ) represses mRNA synthesis of many genes involved in thiamine metabolism, including thi2, thi3, thi4, pho4, and car1. thi2 is allelic to nmt2 (10) and is involved in the biosynthesis of the thiazole moiety of the thiamine molecule (21) ; thi3 is the same gene as nmt1 and is responsible for the biosynthesis of the pyrimidine moiety of thiamine (11, 15) ; thi4 is involved in the coupling reaction of the two moieties to form thiamine monophosphate (22) ; pho4 encodes a secreted acid phosphatase which may dephosphorylate thiamine phosphates occurring as natural substrates in growth media (15, 17, 18) ; and gene car1 encodes a putative 12-transmembrane domain protein. This gene is responsible for amiloride sensitivity, but its exact function is still unknown (13) .
All known thiamine-repressible genes are under the control of the positive factor encoded by thi1 and the negatively acting elements encoded by tnr1, tnr2, and tnr3 (16) . Gene thi1 codes for a Cys 6 zinc finger motif-containing protein which might act as a transcription factor necessary for the expression of thiamine-regulated genes (3, 20) . Gene tnr3 encodes the S. pombe thiamine pyrophosphokinase. Mutations in this gene lead to a reduced intracellular level of thiamine diphosphate, suggesting that this compound, or one of its derivatives, is the repressing signal for thiamine-dependent gene expression (4) .
Elements responsible for thiamine-regulated gene expression have not yet been defined. The aim of this study was to localize and characterize these in the S. pombe nmt1 (thi3) promoter. This is a widely used regulatable promoter, and its TATA box has been studied (1). This box is present in highly transcribed promoters and, as in metazoans, occurs in S. pombe promoters within a tightly defined region of 25 to 30 bp upstream of the transcription start point (14) .
Identification of an element responsible for thiamine-regulated gene expression in the nmt1 promoter. To determine the elements in the nmt1 promoter which are responsible for gene repression in the presence of thiamine or gene induction in the absence of thiamine, we constructed a set of plasmids derived from pREP1-CAT (11) containing terminal deletions of the nmt1 promoter. The S. pombe leu1-32 strain was transformed with the different promoter constructs, transformants were grown in minimal medium (MM), crude extracts were prepared, and chloramphenicol acetyltransferase (CAT) activities were determined. The values given in Fig. 1 represent the average activities from four independent experiments. CAT activity gradually decreased when the size of the terminal deletions was increased, but repression by thiamine stayed in the same order of magnitude and dropped drastically only after more than 61 bp upstream of the TATA box had been removed. The two constructs pREP-51 and pREP-34 expressed only very low CAT activities in the absence of thiamine. These data indicate that the DNA region upstream of bp 61 is responsible for the promoter strength and that the DNA sequence between Ϫ61 and Ϫ51 defines an element which is specifically responsible for the activation of the nmt1 promoter in the absence of thiamine. This element responsible for thiamine-regulated expression of the nmt1 promoter is referred to below as the thiamine regulatory element, abbreviated TR element.
To confirm the regulatory role of the TR element, we constructed a set of vectors containing internal deletions in the region of interest. The constructs were transformed into strain leu1-32, and CAT activities were determined. The average activities of two independent experiments are given in Fig. 2 . With the exception of pREP-D11, all constructs reveal drastically reduced promoter activities in cells grown in the absence of thiamine and no repressibility by thiamine. Construct pREP-D11 exhibits only a slight reduction of promoter activity and thiamine repressibility, indicating that probably a region immediately downstream of the TR element is deleted in this construct. In summary, the results confirm that the TR element indeed plays a crucial role in the activation of the nmt1 promoter in cells grown in the absence of exogenously added thiamine.
DNA database comparisons of the 10 bp between positions Ϫ61 and Ϫ51 of the nmt1 promoter with respect to the TATA element revealed that this region contains a potential binding site for the mammalian transcription factor C/EBP (CAAT/ enhancer binding protein) with the consensus sequence (7) shown in Fig. 2 . Mutagenesis in our study is too limited to allow the conclusion that the TR element represents a genuine C/ EBP site. The promoter sequences of three other thiaminerepressible S. pombe genes (thi4, car1, and pho4) are known, and in all of them the C/EBP consensus sequence can be found at least once in either one or the other orientation. Since the consensus sequence, however, is rather unspecific (in 8 of 11 randomly chosen promoters of 400 to 800 bp we find the sequence at least once), we do not know whether it is diagnostic for thiamine-repressible S. pombe promoters.
Identification of protein in crude S. pombe extracts that binds to the TR element. To test whether the TR element can specifically bind a protein or proteins, cell extracts from the wild type (wt) were prepared and tested for binding activity by DMSA (DNA mobility shift assay). Using a radiolabelled 16-bp DNA fragment spanning the bases from positions Ϫ67 to Ϫ51 with respect to the TATA box (GS-1), no complex could be detected (data not shown). Probing binding with a fragment of 26 bp, spanning the bases from positions Ϫ71 to Ϫ45 (GS-2), two distinct complexes became apparent (Fig. 3) . The faster-migrating complex could be competed with poly(dIdC) ⅐ (dI-dC) and sonificated calf thymus DNA, indicating that binding is not specific. The slower-migrating complex, however, seems to be specific. It is not or is only poorly competed with unspecific probes but is efficiently competed with the homologous unlabelled oligonucleotide containing the wt TR element (Fig. 3) . DNA fragments which have all or part of the TR element deleted, as shown in Fig. 2 , do not bind protein in the DMSA and do not or only poorly compete with the slowermigrating complex (data not shown). Taken together, these results indicate that the detected protein(s) binds specifically to the TB element. Preliminary data suggest that the bound FIG. 1. CAT activities of cells transformed with pREP1-CAT and variants containing terminal deletions in the nmt1 promoter and grown in the absence (ϪT) and presence (ϩT) of thiamine. The promoter lengths (number of nucleotides) of the different constructs with respect to the TATA box are indicated. All values represent the averages of four independent experiments individually converted into percentages. Repr, factor of repression by thiamine. ND, not determined. The terminal nmt1 promoter deletions represent essentially terminal exonucleaseIII deletion constructs of plasmid pREP-CAT (6) . The sequences of all constructs were verified by DNA sequence analysis. For CAT assays, cat-containing plasmids were transformed into S. pombe wt cells containing the selectable marker leu1-32 and strains were grown in MM and MM containing 1 M thiamine to an optical density at 595 nm of 0.9 to 1.1 and harvested by centrifugation. From half of the cells, total DNA was prepared as described previously (12) . After digestion with HindIII and BamHI, the DNA samples were Southern blotted and probed with 32 P-labeled cat DNA to determine the plasmid copy number. Intensities of all cat bands were normalized with respect to the hybridization signal for the genomic single-copy gene ura4. From the remaining cells, extracts were prepared as described previously (8) . Protein concentrations were determined by the method of Bradford (2), and CAT assays (5) were performed by incubating appropriately diluted extracts for 15 min at 37°C in the presence of [ 14 C]chloramphenicol and n-butyryl coenzyme A. Butyrylated chloramphenicol was extracted with xylene (19) .   FIG. 2 . CAT activities from cells transformed with pREP1-CAT and variants containing internal nmt1 promoter deletions, grown in the absence (ϪT) and presence (ϩT) of thiamine. Repr, factor of repression by thiamine. The deleted bases are indicated by dashed lines. The C/EBP consensus site is indicated at the top. For construction of internal deletions, the 2.0-kb BamHI-SphI fragment from pREP1-CAT was ligated into the polylinker of phagemid pBluescript KS1 (Stratagene, La Jolla, Calif.) and internal deletions were obtained by site-directed mutagenesis (9) . All expected sequences were verified by DNA sequence analysis. For CAT assays, cells were transformed with the different constructs, cultivated in MM and MM containing 1 M thiamine, and CAT activities were determined as described in legend of Fig. 1.   FIG. 3 . Detection of protein in crude S. pombe extracts that specifically binds to the TR element. Extracts of wt strain 972 were probed using a radioactively labelled double-stranded 26-bp-long DNA fragment (G-2) covering the TR element (5Ј CGATTGTCATTCGGCAATGTGCTCGC 3Ј). The specific complex is indicated with an arrow. Lane 1, binding without extra competitor DNA; lane 2, binding in the presence of 0.5 g of poly(dI-dC) ⅐ (dI-dC) and 0.5 g of sonicated calf thymus DNA as unspecific competitors; lane 3, binding in the presence of 1 g of poly(dI-dC) ⅐ (dI-dC) and a 500-fold surplus of unlabelled DNA fragment GS-2. For DMSA, binding reactions were carried out with 3 l of protein extract in a final volume of 20 l in 25 mM HEPES-KOH, pH 7.9-100 mM NaCl-10% glycerol-1 mM EDTA-5 mM ␤-mercaptoethanol-1 mM phenylmethylsulfonyl fluoride (PMSF)-1 mM dithiothreitol (DTT). Reaction mixtures also contained unspecific and specific competitors as indicated. Binding reaction mixtures were incubated at room temperature for 25 min, loaded onto 6% polyacrylamide gels, and run in 1ϫ TGE (50 mM Tris-glycine [pH 8.5], 2 mM EDTA) at 110 V at 4°C. For preparation of crude extract, cells were grown in MM to an optical density at 595 nm of 0.9 to 1.1 and harvested by centrifugation. Protein was extracted by vortexing with glass beads in buffer A (25 mM HEPES-KOH [pH 7.9], 500 mM NaCl, 10 mM EDTA, 5 mM ␤-mercaptoethanol, 1 mM PMSF, 1 mM DTT). Cell debris was removed by centrifugation at 40,000 ϫ g for 45 min. The resulting supernatant was dialyzed against buffer B (25 mM HEPES-KOH [pH 7.9], 10% glycerol, 1 mM EDTA, 5 mM mercaptoethanol, 1 mM PMSF, 1 mM DTT) containing 100 mM NaCl.
protein is a protein complex consisting of several proteins. As there is no bandshift detectable with the short fragment GS-1, some neighboring sequences adjacent to the TR element or a certain minimal length of the DNA fragment might be required for proper binding of the protein(s).
We find the same binding activity in extracts from cells grown in the presence or absence of exogenously added thiamine (data not shown). Thus, the expression of the binding protein itself seems not to be regulated by thiamine. As this activity might be involved in the induction of the derepression of the nmt1 promoter in the absence of thiamine, it seems plausible that upon thiamine starvation this putative transcription factor changes its structure by one or several posttranslational modifications, but without changing its migration behaviour in DMSA. We also find (data not shown) the same binding activity in extracts of mutants having the thi1 gene (which is a Zn finger-containing transcription factor responsible for the expression of thiamine-regulated genes) deleted or altered in its Zn finger structure, indicating that the thi1-encoded protein is not directly involved in the formation of the complex. We speculate that this protein binds in the region upstream of the TR element.
We thank K. Maundrell for plasmid pREP1-CAT and A. M. Schweingruber and W. Wilson for comments on the manuscript.
This study was supported by the Swiss National Foundation.
